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Introduction
Development and design of nano-structured bainitic steels, as well as investigation of their tensile and toughness properties, has been the goal of a number of recent research studies [1] [2] [3] [4] [5] [6] [7] . These newly developed steels can reach ultimate tensile strengths of 2.5GPa, hardness of 600-670 HV and fracture toughness values ranging from 30 to 120 MPa.m 1/2 .By careful design in the steel making process it is possible to obtain martensite transformation temperatures as low as 125°C . This allows isothermal treatments at very low temperatures. As a consequence, extremely fine microstructures (~30 nm lath thickness) are generated. The microstructure consists of laths of bainitic ferrite and retained austenite films in between. The main alloying element used is silicon, which added in amounts above 1,5% to the steel, will prevent cementite precipitation from austenite and make retained austenite a metastable phase at low temperatures. Other alloying elements are added in lower amounts to modify the onset temperature for martensite transformation, to refine the austenite grain size and consequently accelerate the transformation into bainite and to avoid transformations prior to bainite [8] .
The aforementioned combination of mechanical properties is interesting from a wear point of view. Recently, studies have been made dealing with the sliding wear properties of this novel microstructure. Wang et al. [9] have investigated the pure-sliding wear properties. Their main findings included an improvement in wear resistance in relation with quenched and tempered bearing steel and the formation of ferritic nano-grains in the contact surface. Zhang et al. [10] obtained nano-structured bainite in the surface of a carburized low-C steel, matching the sliding wear performance of 20CrMnTi bearing steel in quench and tempered condition at loads of 240MPa. At 965 and1450 MPa the nano-scaled bainitic steel had a lower steady-state wear rate. Yang et al. [11] further reported that, for nano-scaled bainitic steels, the wear rate decreased proportionally with the austempering temperature when the transformation temperature varied between 200 and 260°C.
The investigation of the wear resistance of nano-scaled bainitic steels in different conditions is of great interest, given their potential use in engineering applications. One such case is rolling/sliding wear. Studies have been directed towards the investigation of carbide-free bainitic steels with isothermal transformation temperatures between 250 and 350°C. The results indicate that it is possible to obtain excellent wear performance by producing steel with a bainitic ferrite microstructure without carbides. The first studies by Jin and Clayton [12, 13] reported that by obtaining a carbide-free bainitic microstructure, it was possible to match the wear properties of the best pearlitic rail steels in dry rolling/sliding conditions. Chang [14] reported that the ability to withstand large deformations is of great importance in the superior wear resistance exhibited carbide free bainitic steels. This suggests that the TRIP (transformation induced plasticity) effect can be beneficial in dry rolling/sliding wear since it is known to increase plasticity. Vuorinen et al. [15] found that it was possible to match the rolling-sliding wear performance of surface hardened steels by isothermal treatment of high-Si commercial steel with a carbide-free bainitic microstructure. Vuorinen et al. [16] and later Leiro et. al [17] studied the effect of retained austenite content on the rolling/sliding wear rate of high-Si steel with a carbide-free microstructure. It was found that at higher transformation temperatures and retained austenite content the wear rate increased.
In this work steels with carbon contents from 0.6 to 1.0% were austempered between 220 and 270°C in order to obtain a nano-bainitic microstructure. The wear characteristics of these specially designed steels have been studied under rolling/sliding conditions and compared with those of conventional steels having similar hardness values. Further, the wear mechanisms and surface features of these materials have also been investigated. Explanations are presented as to how the microstructural features are of key importance in the observed wear behavior. Table 1 shows the chemical composition of the studied steels and the transformation temperatures used for each grade. The alloys contain sufficient C and Si to ensure low transformation temperatures and to avoid cementite precipitation from austenite respectively. The Cr and Mn content is enough to avoid other phase transformations prior to bainite. The design process has been extensively described in [8] . The temperature onset for martensite transformation has been determined experimentally by diferential dilatometry. The austenitization temperatures were: 950˚C for alloys 1C, 1CSi and 100Cr6 and 890˚C for alloys 09C and 06C.
Experimental

Material
In the following sections, the samples are referred to by the alloy abbreviation, followed by the transformation temperature in degreesCelsius. For example, sample 09C220 refers to alloy 09C treated at 220°C.
Transformation temperatures were selected in order to produce microstructures with different mechanical properties. The transformation times were varied in each case to achieve complete transformation into bainite, according to dilatometry analyses. In order to compare the current steels, 100Cr6 steel transformed at 250 and 300°C was used as reference material for the wear tests. The reference steel presented a lower-bainitic microstructure and contained between 1-3% of globular carbides.
Microstructural analysis
A Jeol JSM 6460 scanning electron microscope (SEM) was used to investigate the microstructures. SEM micrographs were taken both before and after the wear tests to examine the microstructure. Prior to the examination, classical metallographic sample preparation was performed. Etching was done with 2% Nital for 5-10 seconds. After completion of the wear tests, the worn surfaces of test disc specimens were studied by using SEM without disturbing the actual surface. Finally, cross-sections of the studied discs were cut in order to study the microstructural evolution of the sub-surface region.
Retained austenite measurements prior to wear tests were carried out using X-ray diffraction analysis. An electropolished surface was used in order to avoid any impact of the grinding/polishing operations [18] . The average bainite lath thickness was measured on SEM micrographs, carrying at least 100 measurements in all cases, and accounting for stereological effects [19] 
Wear tests
Rolling/sliding tests were done using a UTM 2000 twin-disc machine. The specimens were cylindrical discs of 45 mm diameter and 10 mm thickness. The resulting contact geometry is, therefore, a line contact. The maximum Hertzian contact pressure was 1400 MPa (approximately) at the beginning of the test since the full width of the sample was not in contact, mainly due to misalignment and geometric/dimensional tolerances. However, the contact width increased during the test as a consequence of wear, and the contact pressure decreased to a value of approximately 400 MPa once the full contact was established. The material pairs were self-mated and tested in ambient conditions (25 °C, 23% humidity) without lubrication. The samples were tested for a total duration of five hours, the rotational speed was approximately 100 rpm and the slip was kept at 5% in all tests. Further details of the testing procedure can be found in [17] . Figure 1 presents a micrograph of the observed microstructures for sample 09C transformed at 220 and 250°C. The materials exhibited bainitic microstructures consisting of ferrite laths separated by thin films of retained austenite. The laths were nano-scaled, with an average bainite lath thickness between 32 and 60 nm.
Results
Microstructure
In Table 2 the lath thickness and austenite content for all alloys are presented. As expected [20] lath thickness does not change significantly between the 1C and 09C samples, since carbon content is of utmost importance for bainite lath thickness. As can be seen for sample 06C the lath thickness increased considerably. The retained austenite content was highest in the alloy with 1%C and 2.9% Si and lowest in the 06C 250 alloy. Temperature did not affect the retained austenite content in the three 09C samples. This is because the transformation times were changed in order to achieve full transformation.
Wear
In Figure 2 , the rolling-sliding specific wear rates are presented. The specific wear rate is an expression of the volume loss divided by the load and sliding distance. The volume loss was calculated from the sum of the mass loss of both discs involved in the test, i.e. the wear rate of the tribo-pair. For comparison, results previously published by Leiro et al. [17] on carbide-free bainitic steels (60SiCr7spring-steel austempered at 250 and 300˚C respectively) have been included in the plot. These results were obtained under identical conditions as in the current tests. The nano-structured steels show considerably higher wear resistance in comparison to the reference steels. The wear rates of the nano-structured steels are approximately half of that of the reference steels at 600 HV.
Worn Surface Observations
In order to identify the wear mechanisms, SEM observations of the worn surfaces and of the cross-section of selected samples were done. In Figure 3 , SEM images of the worn surfaces of samples 1CSi250 and 100Cr6 250 are shown. The main types of damage observed are surface cracking, indentations and accumulation of oxidized wear debris.
The indentation depths are not the same in all samples as can be observed when comparing Figure 3 (a) and (b) . These indentations can be caused by two different mechanisms. They can be the result of flakes of material that were removed from the surface. It is also possible that wear debris accumulated in the surface agglomerated in such a way that when it came into the contact, it caused plastic deformation of the surface as has been observed previously [17] .
Analysis of disc cross-sections
In Figure 4 , micrographs of sections through disc specimens 09C220 and 1CSi250 are presented. The porosity observed is a result of the manufacturing process. In this study, the disc specimens used were manufactured from "experimental casts" in which the plastic deformation of the casting during the steel making process was limited. Therefore, porosity could not be completely removed. The micrographs present the typical damage modes observed in all the disc test specimens. These include deformation of the microstructure in the direction of sliding and delamination or "flaking". As can be observed in Figure 4 , the deformed microstructure is oriented in the direction of sliding which has also been previously observed for pearlitic rail steels. In the case of pearlitic steels, the alignment and refinement of the cementite plates, along with the deformation of the surface are considered to be a reason for their successful performance in rolling-sliding wear [21] . In carbide-free steels there is no cementite, however, there is high-carbon retained austenite, which can transform to martensite under strain. This transformation, in addition to the deformation hardening, causes the hardness to increase considerably at the contact surface, as has been reported in the past by Leiro et al. [17] .
Discussion
Due to the slip at which the tests were performed (5%), the high adhesive forces present are responsible for the generation of wear debris at the beginning of the tests. The debris gets oxidized due to frictional heating and can be entrapped into the contact. It can also be embedded and/or cause indentation of disc surfaces. The presence of oxidized wear debris can also lead to some abrading action. However, the contact area is very small (line contact) and large abrasion marks cannot be generated.
The surface cracks observed in Figure 3 were identified as delaminating flakes in the disc cross-sections (Figure 4) , and this is in accordance with previous findings [17] . This damage mechanism has been observed in all the studied specimens and, according to the worn surface observations (Figure 3 ), it appears to be the main mechanism of material removal in all cases, including the reference steel (100Cr6). Delamination is caused by rolling contact fatigue (RCF). Cracks that grow due to RCF, will either nucleate at the surface or below the surface depending on the friction levels. Once a crack is nucleated at the surface, it will tend to grow into the bulk of the material initially, afterwards parallel to the surface and finally back towards the surface until the whole flake is removed [22] .
Adhesive forces play an important role under the current conditions. While no adhesive damage was observed by the SEM study of the worn surfaces, the friction levels ranged between 0.55 and 0.65. This suggests that significant adhesive forces exist in the contact. In addition, the deformed microstructure observed in Figure 4 is direct evidence of the presence of high adhesion in the contact. In Figure 5 (a), a crack growing from the base of a deformed asperity can be seen, indicating that sliding aids in the crack nucleation process. Furthermore, once cracks have grown to a certain extent, the sliding forces can generate secondary cracking at the base of the delaminating flake ( Figure 5 (b) ), accelerating material removal. The orientation of the bainitic laths in the direction of sliding also creates preferential paths at the lath interfaces for the RCF cracks to grow along. Therefore, even though RCF is the main mechanism of crack growth, an important effect of sliding forces is clearly present in the studied samples. It is important to note that the hardness of the material is very important in resisting the action of sliding forces. Therefore, it is understandable that samples exhibit lower wear rates as the hardness increases (Figure 2 ).
Among the 09C grade steel, it was observed (Figure 3 ) that the hardness increased and the wear rate decreased with lowering of the transformation temperature. However, all three 09C grades (220, 250 and 270) present similar amount of retained austenite and bainite lath thickness. Therefore, the observed change in hardness can be attributed to the dislocation density, which has been shown to increase in nanostructured steels with lowering the transformation temperature [23] . A higher amount of dislocations will further resist plastic deformation, increasing tensile strength and hardness.
The toughness of the material or how much deformation the material can withstand without breaking is another key property in wear. This will determine how easily asperities being deformed in the contact can break. Yang et al. [11] reported that nearly all the retained austenite in the worn surface of nano-structured bainitic steel subjected to sliding wear will transform into martensite. This shows that the TRIP effect is present during deformation under sliding wear for this type of steel. The TRIP effect can be beneficial since it can increase the ductility of the steel [24] . This will in turn increase toughness, and also wear resistance. An example of the effect of retained austenite on the wear properties can be seen when comparing samples 1C250 and 1CSi250. Even though the hardness of sample 1CSi250 is slightly lower, due to a higher amount of retained austenite, its average wear rate is 20% lower (Figure  3 ). Since the transformation temperature and average bainite lath thickness is similar in both samples (Table 2) , the observed wear behavior can be attributed to the higher retained austenite content, and higher plasticity exhibited by the 1CSi250 sample.
Sample 06C250 presented considerably lower hardness than the other steels. However, its wear rate was of the same magnitude as 1C and 09C grades transformed above 250°C. Despite having the lowest retained austenite content, this sample has lower hardness than all other samples, which is expected due to its lower carbon content. A lower amount of carbon means that the steel can present higher ductility and toughness and lower hardness. Figure 6 presents the specific wear rate of the studied alloys as a function of surface hardness after wear. As can be seen, the trend is that at higher final surface hardness, the wear rate is lower, which is in accordance with previous discussions. This is further evidence that higher toughness and hardening during wear can also contribute to decreasing wear in nano-bainitic steels.
It could be seen in Figure 3 that the results present considerable scatter in some cases. Wear can introduce local heating, chemical reactions and other unforeseeable changes in the contact surface. In addition, the deformed material is often not removed from the surface after one cycle, and its mechanical properties undergo changes during subsequent cycles. All these factors can account for the scatter observed in the wear results.
Since hardness affects the stress needed to deform the asperities in the contact, it is a determining factor in decreasing wear. The hardening ability of the material is equally important, since it will affect the final hardness the surface can achieve during wear. Part of the hardening will be achieved by deformation. The transformation of retained austenite into martensite under strain will also be responsible for a certain amount of hardening. As can be seen in Figure 6 as the hardness decreases, the wear rate of the nano-scaled alloys seems to reach a constant value. This shows that not only hardening is affecting wear. Other important factors can include toughness, or the amount of deformation the material can withstand before fracture. In the nano-structured steels with lower initial or final hardness, increased toughness is responsible for the wear rate exhibited.
Conclusions
In this work, steels with carbon contents from 0.6 to 1.0 wt.% were transformed between 220 and 270°C to produce nano-structured bainite with a lath thickness between 32 and 60 nm.
These nano-structured steels exhibit significantly lower specific wear rates when compared to the reference 100Cr6 with lower bainite microstructure and other conventional carbide-free bainitic steels, even at the same hardness levels. At hardness values of approximately 600 HV, the wear rate was reduced by half.
Rolling contact fatigue (RCF) was determined to be the main mechanism of material removal. Adhesive forces present an important factor in creating crack initiation sites for RCF cracks. The alignment of the microstructure along the sliding direction is also a determining factor in the RCF crack growth since it creates preferential paths for cracks to grow along. Adhesion will also aid in flake removal.
Toughness has been shown to improve wear resistance. The TRIP effect can be beneficial towards wear if it increases the toughness of the material i.e. if the stability of the retained austenite is high.
Since hardness affects the stress needed to deform the material in the rolling/sliding contact, it is a determining factor in decreasing material loss. The hardening ability of the material (deformation + transformation) is equally important, since it will affect the final hardness the surface can achieve during wear. 
